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ABSTRACT 
Rheological parameters (viscosity, creep compliance and elasticity) play an important role in cell function and viability. 
For this reason different strategies have been developed for their study. In this work, two new microrheometric 
techniques are presented. Both methods take advantage of the analysis of the polarized emission of an upconverting 
particle to determine its orientation inside the optical trap. 
Upconverting particles are optical materials that are able to convert infrared radiation into visible light. Their usefulness 
has been further boosted by the recent demonstration of their three-dimensional control and tracking by single beam 
infrared optical traps. In this work it is demonstrated that optical torques are responsible of the stable orientation of the 
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upconverting particle inside the trap. Moreover, numerical calculations and experimental data allowed to use the rotation 
dynamics of the optically trapped upconverting particle for environmental sensing. In particular, the cytoplasm viscosity 
could be measured by using the rotation time and thermal fluctuations of an intracellular optically trapped upconverting 
particle, by means of the two previously mentioned microrheometric techniques. 
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1. INTRODUCTION 
Cellular rheological parameters (viscosity, elasticity and creep compliance) role the different processes that take place 
inside the cell. For example, viscosity controls the diffusion of molecules and organelles.1, 2 Moreover, such parameters 
are an indicative of the cell state, allowing to determine the appearance and onset of diseases.3 Because of that, 
rheological parameters are of great interest, and a wide variety of studies have focused on their characterization.1, 4 For 
such purpose, lots of different rheometric techniques have been developed. They can be classified in passive and active 
methods. Passive techniques are based on the measurement of the thermal fluctuations of a probe, which could be 
endogenous (organelle, vesicle or molecule) or exogenous (internalized particle o molecule).1, 5-7 The Brownian motion 
of the probe could be tracked by using video-based methods or by the analysis of its emission, in the case of luminescent 
probes.5, 8-10 On the other hand, active techniques exert a force over the cell to test its response to the applied stimulus.11, 
12 The action could be performed directly over the cell or by using a probe (usually polystyrene or silica beads). For 
example, magnetic rheometers have been used for the determination of the viscoelastic character of the cytoplasm of 
living cells.13 The spinning of cylindrical particles, induced by the action of an external magnetic field, have been used to 
measure the intracellular viscosity. This study evidences the usefulness of micromotors to test intracellular rheological 
parameters. Active techniques should exert forces on the range of piconewtons in order to not compromise cell viability. 
In this sense, optical trapping (OT) has been evidenced as the perfect tool for such purpose, since the strength of optical 
forces lie in that range.14, 15 OT takes advantage of the optical force and torque produced by the light-matter interaction 
that stably trap the particle in a certain orientation inside the optical trap (i.e. focused laser beam).16 Optical forces are 
responsible for the confinement of the particle within the beam focus, while optical torques drive a rotation of the 
particle towards the stable orientation. Thus, based on this premise, optically driven motors can be also used as 
rheometers.17 For such purpose, the real time orientation of the rotating particle must be characterized. If the particle is 
large enough, video-based techniques can be used. However, in most of the cases, the size of the probe is reduced in 
order to enhance spatial resolution, thus they cannot be optically resolved. Therefore an alternative approach is 
mandatory. As introduced above, luminescent particles can be used as sensor agents. In particular, upconverting particles 
(UCPs) have been widely used in different biological studies.18-21 They present the capability to produce high energy 
radiation (ultraviolet or visible) after the absorption of low energy photons (infrared), through a process known as 
upconversion.22 This ability have been already proven to be of great interest for the development of cancer treatments, 
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such as the photodynamic therapy or controlled drug release.23-26 Moreover, the upconversion luminescence of non-
spherical UCPs is polarized.27, 28 This leads to a dependence of the upconversion luminescence on the orientation of the 
particle.29 Thus, the analysis of the UCP luminescence can be used to monitor its orientation during the optically-driven 
rotation. 
Based on the previous idea, two microrheometric techniques are here presented. Both methods take advantage of the 
analysis of the polarized emission to determine the orientation of the upconverting particle inside the optical trap. The 
active technique relies on the laser-induced rotation of trapped hexagonal upconverting particles to test the dynamic 
viscosity of the cytoplasm. On the other hand, the passive method takes advantage of the thermal vibration of the trapped 
particle when it reaches its stable orientation inside the optical trap. 
2. SAMPLE AND EXPERIMENTAL SETUP 
β-NaYF4:Er3+,Yb3+ UCPs were synthetized by a hydrothermal procedure as explained elsewhere.30 These particles 
present a hexagonal shape, as shown in Figure 1a, with a mean diameter of 800 nm and a thickness of 400 nm. As 
mentioned in the introduction, they present polarized emission which have been characterized by using the experimental 
setup depicted in Figure 1b. It is composed by a modified confocal microscope which allows to both spectroscopic 
characterization and optical manipulation of the particles. Briefly, the radiation coming from a fiber-coupled diode laser 
is focused by using a microscope objective. This radiation is used for excitation of the particle luminescence and its 
optical manipulation. The luminescence of the particle is collected with the same microscope objective and directed 
towards a high sensitive Si charge-coupled device camera (Synapse, Horiba), attached to a monochromator (iH320, 
Horiba), for its real time analysis. For polarized spectroscopy, a linear polarizer (LPNIR050-MP2, Thorlabs) was placed 
at the entrance of the detector to select the polarization state of the luminescence. As a results of the upconversion 
process, β-NaYF4:Er3+,Yb3+ UCPs showed green and red upconversion emission when excited with 980 nm radiation.31 
Only red emission were analyzed, since this emission band was evidenced to have a higher polarization degree than the 
green emission band.29 Optical images of the optical trap area where recorded using a CMOS camera. 
 
 
Figure 1. (a) SEM image of the β-NaYF4:Er3+,Yb3+ UCPs. (b) Schematic representation of the experimental setup. White and green 
discs represents mirrors and filters, respectively. Reprinted with permission from Nano Letters 2016, 16 (12), 8005-8014. Copyright 
2016 American Chemical Society. 
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3. POLARIZED SPECTROSCOPY 
3. 1 Dried sample characterization 
A diluted suspension of the UCPs (2.3 x107 UCPs/cm3) was dried on a microscope slide by drop casting and the 
luminescence of isolated particles were analyzed. The excitation/detection direction was perpendicular to the substrate in 
such a way that two different UCP configuration were assessed (see Figure 2a). In the horizontal configuration, the 
 
Figure 2. (a) Schematic representation of the two UCP configurations. The three main polarization states are included. The 
propagation direction of the light is indicated by vector k, while its polarization is represented by vector E. (b) Emission spectra 
for the three main polarization states. (c) Polar plots of the intensity ratio of the two peaks indicated in (b) as a function of the 
polarization state. Left for horizontal configuration, and right for vertical orientation. Reprinted with permission from Nano 
Letters 2016, 16 (12), 8005-8014. Copyright 2016 American Chemical Society. 
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particle lies with its hexagonal facet perpendicular to the excitation/detection direction, while, in the vertical 
configuration, the longitudinal axis of the particle is parallel to the excitation/detection direction. Polarized spectra were 
analyzed for both particle orientation by rotating the linear polarizer and detecting the emission spectra for different 
polarization states. At this point we state that, based on a previously published work,27 the studied UCPs are uniaxial 
crystals with their optical axis perpendicular to their hexagonal facet. This assumption implies that the two orientations 
of the particle in respect to detection direction allow to assess three polarization states: σ, α, and π. In the σ polarization 
state (Figure 2a, left) the luminescence propagates along the optical axis (z axis) of the crystal and, consequently, with a 
polarization perpendicular to it. This polarization state corresponds to the particle being in the horizontal configuration. 
On the other hand, in the vertical orientation, light propagates perpendicularly to the optical axis of the crystal with a 
polarization that can be perpendicular (α, Figure 2a, center) or parallel (π, Figure 2a, right) to it, thus α and π 
polarization states are accessible. The emission spectra detected for the three polarization states are show in Figure 2b. 
As can be seen, σ and α polarization states are analogous, whereas π polarization state present a completely different 
spectral shape. It is worth mentioning that this spectral modulation was expected for uniaxial crystals. In particular, the 
most significant spectral change take place at 656 and 664 nm emission peaks. For a better characterization of the 
spectral modulation, polar plots of the intensity ratio (I656/I664) of these two peaks as a function of the polarization state 
are shown in Figure 2c. In the horizontal configuration (Figure 2c, left), the emission spectrum do not change with the 
polarization state since only σ polarization state is accessible, thus a circular diagram is obtained. However, in the 
vertical orientation (Figure 2c, right), the emission spectrum changes from that associated to α polarization state to π 
polarization state when the polarization state is detected perpendicularly or parallel to the optical axis of the UCP. Polar 
graphs in Figure 2c evidence that the orientation of the particle can be elucidated through the analysis of the 
luminescence spectra. 
3.2 Optical manipulation 
3.2.1 Experimental results 
The former analysis can be used for the determination of the UCP orientation within the optical trap. It is expected that, 
when it is in the horizontal configuration, the non-polarized (no polarization state selected) emission spectrum is that 
associated to the σ polarization state. However, when the particle is in the vertical orientation, the emission spectrum is a 
combination of that obtained for α and π polarization states. 
Based on this idea, the orientation of the UCPs within the optical trap was elucidated by analyzing the non-polarized 
emission spectrum of the trapped particle. For such purpose, a diluted aqueous suspension of particles (2.3 x107 
UCPs/cm3) were injected into a microchannel (µ-Slide I 80106, Ibidi Inc.). Then, a single particle was optically trapped 
and its emission spectrum detected. Figure 3a shows the non-polarized spectrum obtained for a single optically trapped 
UCP. As can be seen, the spectral shape of the emission is a combination of that associated to α and π polarization. This 
unequivocally indicates that the stable orientation within the optical trap is the vertical configuration, as schematically 
represented in the inset of Figure 3a. For a better characterization, the emission spectra as a function of the polarization 
state was also analyzed. The polar plot of the intensity ratio is represented in Figure 3b. As expected, the dependence of 
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I656/I664 with polarization state is the same as that obtained for a UCP deposited on the vertical configuration (see Figure 
2c, right). This further corroborates that UCPs stable orientate in the vertical configuration. 
3.2.2 Theoretical calculations 
The former results show that an optical torque is acting on the UCP. It induces a rotation of the particle around an axis 
perpendicular to the ሬ݇Ԧ vector of the trapping beam until the stable position (vertical configuration) is achieved for θ = 
90o, being θ the angle between ሬ݇Ԧ vector and the optical axis of the UCNP. This rotation is schematically represented in 
Figure 4a. There are two possible rotations which lead to the same final orientation. The first one, (upper path) is a 
rotation around an axis parallel to the electric field of the trapping beam (axis x) which it is characterized by the angle 
θE. In the second rotation (lower path), the rotation axis is parallel to the magnetic field (axis y) and it is represented by 
the angle θH. The optical torque acting on each rotation have been numerically calculated. To do that, numerical 
simulations of the interaction between the electromagnetic field and the single trapped UCP have been carried out based 
on the finite element method.32 In particular, a non-birefringent hexagonal particle, with a diameter of 800 nm and a 
thickness of 400 nm, illuminated by a linearly polarized 980 nm plane wave has been considered. The optical torque, 〈ΓԦ〉, 
acting on the UCP was calculated by integrating the Maxwell stress tensor ࢀ over an arbitrary surface S enclosing the 
particle.33 The components of the Maxwell Stress tensor are given by: 
ߒ௜௝ = ቂ߳଴߳ܧ௜ܧ௝ + ߤ଴ܪ௜ܪ௝ − ଵଶ (߳߳଴ܧଶ + ߤ଴ܪଶ)ߜ௜௝ቃ     (1) 
where ߳଴ and ߳ are the vacuum and relative permittivity of the medium respectively, ߤ଴ the magnetic permeability, 
ܧ௜ and ܪ௜  the ݅ component of electric and magnetic fields in the integration surface, ܧ and ܪ the absolute value of the 
electric and magnetic fields, and ߜ௜௝ is the Kronecker's delta. Once the Maxwell Stress tensor is calculated, the optical 
torque acting on the particle is obtained by computing: 
 
Figure 3. (a) Non-polarized spectrum (no polarization state is selected) obtained for an optically trapped UCP. Inset: Schematic 
representation of the stable orientation of the UCP inside the optical trap. (b) Polar diagram of the intensity ratio of 656 nm and 
664 nm peaks as a function of the polarization state. Reprinted with permission from Nano Letters 2016, 16 (12), 8005-8014. 
Copyright 2016 American Chemical Society. 
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〈ΓԦ〉 = − 〈∮ ො݊(ࢀ × ݎԦ)݀ Ԧܵௌ 〉        (2) 
with ො݊ the normal vector to the integration surface. Results for the two rotations depicted in Figure 4a are shown in 
Figure 4b-c. The stable orientation is reached when the optical torque has a null value and its first derivative is negative. 
This condition is accomplish by both torques for an angle θE = θH = 90º. However, for the rotation around an axis 
parallel to the magnetic field, θH = 0º is also a stable orientation. This result demonstrates that the rotation around an axis 
parallel to the electric field is more likely to happen since for θE = 0º the particle is not stably orientated. Thus, being the 
particle in the horizontal configuration the particle will flip to the vertical orientation by the action of a torque which 
rotation axis is parallel to the electric field of the trapping plane wave (Figure 4a, upper part, and Figure 4b). 
4. MICRORHEOMETRIC TECHNIQUES 
 
Figure 4. (a) Schematic representation of the transition from horizontal configuration to vertical orientation. Green upper path 
represents a rotation around an axis parallel to the electric field of the trapping light, while blue lower path shows a rotation 
around an axis parallel to the magnetic field. (b) Numerically calculated torque for the rotation around the electric field. (c) 
Numerically calculated torque for the rotation around the magnetic field. Reprinted with permission from Nano Letters 2016, 16 
(12), 8005-8014. Copyright 2016 American Chemical Society. 
The laser-induced rotation of the UCPs have been experimentally and numerically demonstrated in the previous section. 
The rotation velocity will depend on the characteristics of the medium where the UCP is immersed, at the same time as 
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on the applied laser power (i.e. the magnitude of the optical torque). When there is a relative velocity between the 
particle and the fluid, a friction force appears which opposes to the movement of the particle. This drag force is 
proportional to the drag coefficient of the particle which depends on the viscosity of the fluid. This relation between the 
rotation velocity of the particle and the dynamic viscosity of the medium can be used for the determination of this latter 
if the laser-induced rotation of the UCP is tracked. Once in the vertical orientation, the UCP will start to oscillate around 
the stable orientation due to Brownian motion. Information about the static viscosity of the medium can be also obtained 
from these thermal fluctuations. 
These two different situations are the base of the two developed microrheometric techniques: the active and the passive 
methods. 
4.1 Active method 
This method is based on the laser-induced rotation of the UCP. In a first order approximation, the equation that describes 
the rotation of the particle can be written as: 
ߚ ௗఏௗ௧ = 〈ࢣ〉          (3) 
Where ߚ = 6ߟܸ݂/ ଴݂ is the rotational friction coefficient of the UCP, with ݂/ ଴݂ the Perrin friction factor, ߟ the dynamic 
viscosity of the medium, and ܸ the volume of the particle.34 〈Γ〉 is the torque calculated by using expression 2. Thus, the 
transition time (Δݐோ, the total time the particle needs to go from the horizontal configuration to the vertical orientation) 
is: 
Δݐோ = ߚ ׬ ଵ〈ࢣ〉
గ/ଶ
଴ ݀ߠ         (4) 
The magnitude of the optical torque as a function of the applied laser power density can be calculated and introduced in 
expression 4. Then, the dynamic viscosity of the medium as a function of the transition time and the applied laser power 
density (ܫ௅) is: 
ߟ ≈ 6.7 ݔ10ିଵସ ܫ௅ Δݐோ         (5) 
Expression 5 shows that, in the active method, the dynamic viscosity of the medium in obtained through the 
measurement of the transition time of the particle. This transition time is obtained from the analysis of the emission 
spectra of the rotating UCP. Figure 5a shows a representative graph of the evolution of the intensity ratio I656/I664 as a 
function of time for a particle that is forced to rotate by the laser action. The three different states (horizontal 
configuration, transition, and vertical orientation) are clearly characterized by the value of I656/I664. Thus, for each 
rotation particle, the evolution of the emission spectrum is measured and I656/I664 calculated. Then, Δݐோ is obtained and 
the dynamic viscosity can be determines through expression 5. 
4.2 Passive method 
As can be seen in Figure 5a, when the particle reaches the vertical orientation, it starts to oscillate around the stable 
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orientation, as the fluctuation of the intensity ratio evidence it. As commented above, these thermal oscillations can be 
used for the determination of the static viscosity of the fluid. The passive method is based on the analysis of the mean 
square angular displacement (MSAD) as a function of the lag time (߬):35 
ܯܵܣܦ = 2 ܦ ߬          (6) 
Where ܦ = ݇஻ܶ/ߚ is the diffusion coefficient of the particle, with ݇஻ the Boltzmann constant and ܶ the temperature. 
For the calculation of MSAD, the evolution of θ with time is needed. It is obtained from the values of I656/I664. When the 
particle is in its front configuration (rotation angle θ = 0º), I656/I664 reaches its minimum value (I656/I664(0) = I656/I664min), 
which is the pure intensity ratio value characteristic of the σ polarization state. On the other hand, when the particle is in 
the vertical configuration, the intensity ratio calculated from the non-polarized emission spectrum would result from the 
average of the I656/I664 values characteristic of both α and π polarizations. In this case, I656/I664 acquires its maximum 
 
Figure 5. (a) Representative of the evolution with time of the intensity ratio measured for a rotating particle. (b) Representative 
optical image of a HeLa cell where an interiorized particle is indicated. Scale bare correspond to 30 µm. (c) MSAD as a function 
of the lag time. Gray lines correspond to individual measurements, whereas black line represents the mean of all of them. (d) 
Measures viscosity values as a function of the rotation velocity. Red dot correspond with the main value obtained from the passive 
method. Insets shows the log-log plot. Reprinted with permission from Nano Letters 2016, 16 (12), 8005-8014. Copyright 2016 
American Chemical Society. 
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value (I656/I664(π/2) = I656/I664max). For intermediate configurations, the intensity ratio calculated from non-polarized 
emission spectra would have values between I656/I664min and I656/I664max. In particular, for any giving angle, the non-
polarized emission would account for π and α contributions that would be weighted by the sine and cosine of the rotation 
angle. Therefore, for any rotation angle θ, the intensity ratio can be written as: 
ܫ଺ହ଺/ܫ଺଺ସ(ߠ) = ܫ଺ହ଺/ܫ଺଺ସ௠௜௡ݏ݁݊ଶߠ + ܫ଺ହ଺/ܫ଺଺ସ௠௔௫ܿ݋ݏଶߠ    (7) 
Then, the rotation angle is given by: 
ߠ(ܫ଺ହ଺/ܫ଺଺ସ) = ܽܿ݋ݏ ቆට ூలఱల/ூలలర
೘ೌೣିூలఱల/ூలలర
ூలఱల/ூలలర೘ೌೣିூలఱల/ூలలర೘೔೙
ቇ     (8) 
Therefore, the angular displacement (i.e. the evolution of θ) can be obtained from the measured I656/I664. Then, the value 
of MSAD as a function of time can be computed. Finally, by fitting the value of MSAD vs lag time to expression 6, the 
static viscosity can be obtained from the slope of the curve. 
5. INTRACELLULAR MICRORHEOMETRY 
The intracellular viscosity of HeLa cells was measured by using the two methods described in the previous section. For 
such purpose, HeLa cancer cells were incubated with a suspension of UCPs in such a way that, as a results of an 
endocytic process, some of the UCPs were incorporated into the cells (see optical image in Figure 5b). Up to 34 
different measurements were performed over more than 20 different HeLa cells. 
Firstly, the static intracellular viscosity was measured. In this case, only particles in the vertical orientation were used. 
Figure 5c shows a set of MASDs as a function of the lag time obtained for a total number of 10 particles. Gray lines 
correspond to the individual measurements, whereas the red line corresponds to the averaged of all of them. For each 
measurement, a value for the viscosity could be obtained by fitting the MSAD curve to expression 6. The average of all 
measurements gives a mean viscosity of 2.51 ± 0.01 Pa s. This value is in good agreement with those previously reported 
HeLa cells.36, 37 
For the determination of the dynamic viscosity by using the active methods, UCPs in horizontal configuration were used. 
Figure 5a shows, as a representative example, the time evolution of the intensity ratio I656/I664 as obtained for an 
intracellular UCP optically trapped with a power density of 4.1 x1010 W/m2. Under these conditions, experimental data 
reveals a transition time of ΔtR = 60 ± 10 s (or ωR = 2.78 x10−3 ± 0.02 x10−3 rad/s). This, according to expression 5, leads 
to an intracellular dynamic viscosity, for this particular frequency, of η(2.78 x10−3 rad/s) = 170 ± 30 mPa·s. The same 
experimental and analytical procedure was performed over a total number of 6 different UCPs located in different HeLa 
cells and by using different laser trapping intensities. The obtained viscosity values and the corresponding rotation 
frequencies are shown in Figure 5d (black dots). In this graph, the red dot corresponds to the mean viscosity value 
obtained from the passive measurements. The rotation frequency for that value is estimated by dividing the accumulated 
rotated angle by the elapsed time: 1.18 rad in 600 s, leads to an effective rotation frequency close to 0.002 rad/s. Inset in 
Figure 5d shows the linear dependence with a slope around −1 in a log−log representation. The obtained results reveal 
that the intracellular viscosity of HeLa cells has a mean static value of around 2.5 Pa s which decreases monotonously 
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with increasing frequency. From the log−log representation we can conclude that η ∼ 1/ωR. This fact points out that, in 
this range of frequencies, the cytoplasm behaves as a viscous liquid, as it was demonstrated by former studies.1, 13 
6. CONCLUSIONS 
Two different rheometric techniques have been used for the determination of the intracellular viscosity of HeLa cells. 
Both methods are based on the determination of the orientation of a single optically trapped upconverting particle. The 
polarized emission presented by this type of crystals has allowed to determine the laser-induced rotation frequency of the 
particles and the fluctuations of their orientation produced by Brownian motion. This strategy permits the use of non-
optically resolved particles which sizes can enhance the spatial resolution of the measurements or increase the 
internalization rate of the particles inside the cells. 
Finally, this work evidences the potential of the combination of optical trapping with single particle spectroscopy. New 
techniques can be developed based on those here presented which can be of great interest many different fields such as 
biomedicine and food industry. 
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